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Abstract

Bisphenol A (BPA) is a synthetic industrial reactant used in the production of polycarbonate 

plastics, and genistein is a natural phytoestrogen abundant in the soybean. Current studies 

investigating the endocrinedisrupting effects of concomitant exposures to BPA and genistein have 

warranted the development of an analytical method for the simultaneous measurement of BPA and 

genistein, as well as their primary metabolites, bisphenol A ß-D-glucuronide (BPA gluc) and 

genistein 4′-ß-D-glucuronide (genistein gluc), respectively. All four analytes were extracted from 

rat plasma via solid phase extraction (SPE). Three SPE cartridges and four elution schemes were 

tested. Plasma extraction using Bond Elut Plexa cartridges with sequential addition of ethyl 

acetate, methanol, and acetonitrile yielded optimal average recoveries of 98.1±1.8% BPA, 

94.9±8.0% genistein, 91.4±6.1% BPA gluc, and 103±6.1% genistein gluc. Identification and 

quantification of the four analytes were performed by a validated HPLC-MS/MS method using 

electrospray ionization and selective reaction monitoring. This novel analytical method should be 

applicable to the measurement of BPA, genistein, BPA gluc, and genistein gluc in urine, cultures, 

and tissue following in vivo exposures. While reports of the determination of BPA and genistein 
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independently exist, the simultaneous optimized extraction and detection of BPA, genistein, BPA 

gluc, and genistein gluc have not previously been reported.
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Introduction

Endocrine-disrupting compounds (EDCs) are chemicals that perturb the endocrine system 

either by acting as agonists or antagonists to sex hormone receptors, thus mimicking or 

preventing the action of endogenous estrogens and androgens. Laboratories have reported 

the estrogenic activity for EDCs of various classes such as naturally occurring 

phytoestrogens (e.g., genistein, daidzein, biochanin A) [1, 2], man-made plasticizers (e.g., 

bisphenol A, phthalates) [3–5], pesticides (e.g., methoxychlor, atrazine) [6], and other 

synthetic industrial chemicals (e.g., polybrominated diphenyl alkanes) [7].

Bisphenol A [2,2-bis(4-hydroxyphenyl)propane (BPA)] (Fig. 1) is a monomer used in the 

synthesis of polycarbonate plastics and epoxy resins worldwide and is commonly found in 

baby bottles, food containers, and linings of food and beverage cans. BPA can migrate from 

containers into the contents, allowing for the direct exposure to humans via ingestion [8]. 

BPA is weakly estrogenic [9], and numerous laboratories have demonstrated the endocrine-

disrupting properties of BPA, including in vitro proliferation of MCF-7 human breast cancer 

cells [7] and in vivo alteration of reproductive function and postnatal growth rate [10–12]. 

After much review of the risk of human exposure to BPA, the National Toxicology Program 

declared that there is some concern for adverse effects to human development and 

reproduction, specifically on the behavior, brain, and prostate gland of fetuses, infants, and 

children exposed to BPA [13].

Genistein (4′,5,7-trihydroxyisoflavone) (Fig. 1) is a naturally occurring phytoestrogen found 

in many legumes and grains, with soybeans being a particularly rich source. The majority of 

commercially available laboratory rodent diets naturally contain variable concentrations of 

genistein, usually in the form of soybean meal or soy protein, thus making genistein a 

ubiquitous component of laboratory rodent chow [14]. Like BPA, genistein exhibits weak 

estrogenic activity both in vitro and in vivo [9, 15]. The interpretation of data on the effects 

of genistein is controversial to date, with some groups focusing on the beneficial effects of 

genistein such as the phytoestrogen's chemotherapeutic properties and its ability to prevent 

osteoporosis [16, 17], while other laboratories tout genistein's ability to cause adverse health 

effects in humans and laboratory animals, namely, endocrine disruption [18, 19]. Genistein 

has been shown to be detrimental to the differentiation and development of reproductive 

organs in embryos, fetuses, and neonates, suggesting that there is a critical window of 

exposure which may lead to latent effects [20, 21]. Analyses of BPA and genistein have 

increased in recent years due to their emergence as prevalent endocrine-disrupting 

compounds.
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Methods have been previously established for the extraction and detection of either BPA or 

genistein. Established methods allow for the extraction of BPA from environmental water 

samples, as well as from biological fluids including plasma, serum, amniotic fluid, breast 

milk, and urine [22, 23]. Genistein has been routinely extracted from food and beverage 

products, as well as urine, serum, and plasma [24–26]. Solid phase extraction (SPE) is the 

predominant isolation method for both BPA and genistein. Traditional SPE sorbent 

materials such as C18 and other reversed phase sorbents are commonly used to extract BPA 

[27], while more unique SPE sorbents such as bambooactivated charcoal are reportedly 

utilized as well [28]. The current leading methods for the extraction of genistein employ C18 

or Oasis hydrophilic–lipophilic balance (HLB) SPE cartridges [24]. The methods for the 

separation and detection of BPA or genistein routinely include HPLC-ESI/MS/MS [28], 

HPLC-APCI/MS/MS [24], HPLC-UV [29], and UPLC-ESI/MS/MS [30].

Several studies have maximized the recovery and/or detection of either BPA or genistein, 

but no studies have focused on the optimized simultaneous measurement of the two 

compounds to date. BPA and genistein are rarely analyzed together, possibly due to the fact 

that analytes of interest and methodologies are often grouped based on chemical structure 

similarities or are members within the same compound class, such as pesticides or 

phytoestrogens. The prevalence of co-exposures to BPA and genistein warrant their 

simultaneous analysis. There are a number of scenarios in which individuals may be 

exposed to BPA and genistein simultaneously, such as in the situation of an infant drinking 

soy-based formula from a polycarbonate baby bottle or a woman taking a menopausal relief 

aid containing genistein who recently had dental work performed that exposed her to BPA 

[31, 32]. In this work, BPA and genistein are analyzed simultaneously because they are 

relevant in common binary exposure scenarios, in addition to the fact that they share 

numerous common biological endpoints, including precocious puberty, irregular cyclicity, 

and altered cellular differentiation [1, 4, 12].

The ability to simultaneously recover and detect BPA and genistein and their primary 

metabolites is immensely beneficial because it requires smaller sample sizes, reduced 

maintenance of sample integrity, decreased costs of materials and personnel, and reduced 

analysis time. The work presented here is significant because it provides a novel analytical 

method for the simultaneous measurement of BPA, genistein, BPA gluc, and genistein gluc.

Materials and methods

Chemicals and reagents

Bisphenol A, genistein, and ammonium acetate were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Bisphenol A ß-D-glucuronide and genistein 4′- ß-D-glucuronide were 

purchased from TRC Canada (North York, Ontario). Ethyl acetate (pesticide grade), 

methanol (for LC/MS), and formic acid were purchased from Fisher Scientific (Fair Lawn, 

NJ, USA). Honeywell Burdick and Jackson (Muskegon, MI, USA) supplied high-purity 

solvents acetonitrile and water, both of HPLC grade.
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SPE cartridges

The extraction of BPA, BPA gluc, genistein, and genistein gluc from rat plasma was 

performed via SPE. Three cartridges were tested for the efficiency of co-extraction: Bond 

Elut Plexa cartridges (Varian Inc., Palo Alto, CA, USA; 60 mg, 1 mL), Oasis HLB 

cartridges (Waters, Milford, MA, USA; 30 mg, 1 mL), and United Chemical Technologies 

(UCT) C18 cartridges (United Chemical Technologies, Bristol, PA, USA; 100 mg, 1 mL). 

Bond Elut Plexa cartridges feature hydrophilic surfaces and a gradient of polarity that allow 

for good transfer of small analytes into the polymer core, while excluding large proteins, and 

generally show efficient extraction of analytes across a broad range of polarities and acid/

base properties. Oasis HLB cartridges are routinely used to extract parent compounds as 

well as their polar metabolites. UCT C18 cartridges are hydrophobic, featuring a sorbent that 

is composed of a silica backbone with hydrocarbon chains; these relatively non-selective 

cartridges are often used to extract non-polar or neutral analytes from complex matrices. 

Various combinations of ethyl acetate, methanol, and acetonitrile were used as elution 

solvents, with each combination tested per cartridge type.

Solid phase extraction

All samples had a total volume of 1.0 mL and consisted of 100 μL of rat plasma with citrate 

(Fisher Scientific, Pittsburgh, PA, USA), 100 μL of 250 mM ammonium acetate (pH 5), 80 

μL of 1 M formic acid, water, and 0.1 μg/mL BPA, BPA gluc, genistein, and genistein gluc. 

Samples were sonicated for 5 min then centrifuged at 2,500 rpm for 10 min at 4 °C. Each 

SPE cartridge was conditioned with 3 mL of methanol followed by 3 mL of water before 

samples were loaded. Two milliliters of 9:1 water/methanol (v/v) wash solution was passed 

through each column prior to elution. Elution was performed at a flow rate of 1–2 mL/min 

with one of the following elution schemes, with elution solvents added sequentially in the 

order they are listed: 3 mL ethyl acetate and 3 mL methanol (EM), 3 mL ethyl acetate and 3 

mL acetonitrile (EA), 3 mL methanol and 3 mL acetonitrile (MA), or 3 mL ethyl acetate, 2.5 

mL methanol, and 2.5 mL acetonitrile (EMA). SPE extracts were evaporated to dryness 

under vacuum and a stream of nitrogen then reconstituted in 200 μL of 75% acetonitrile in 

water.

Standard solutions

Initial genistein stock solutions were prepared by dissolving genistein in methanol, whereas 

BPA, BPA gluc, and genistein gluc were initially dissolved in acetonitrile. Subsequent 

standards for all analytes were prepared via serial dilution in acetonitrile. Standard solutions 

ranged from 1 to 1,000 μg/mL and were stored at –20 °C.

Blank controls

Blank controls contained high-purity water in place of standard solutions and were 

processed alongside samples using all of the same supplies and reagents. While blank 

controls are always important, they are especially vital when analyzing ubiquitous 

compounds such as BPA, which is known to be prevalent in many common laboratory 

supplies and other materials required for SPE and HPLCMS/MS analysis due to its use as a 

plasticizer [33]. Efforts were made to minimize the contact of samples with plastics, and 
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plasticware was replaced by glassware wherever possible. Despite significant efforts made 

to minimize the use of plastic materials by substitution with glass products, contamination 

with BPA is still a common challenge in the laboratory. Blank controls were performed for 

each cartridge type and elution scheme.

Chromatographic conditions

Of each reconstituted extract, 10 μL was directly injected via a Finnigan Surveyor 

Autosampler Plus (Thermo Fisher Scientific, Waltham, MA, USA). Chromatographic 

separation was carried out with either a Kinetex C18 column (Phenomenex, Torrance, CA, 

USA; 100×4.6-mm ID, 2.6 μm) or a Discovery C8 column (Supelco, St. Louis, MO, USA; 

50×4.6-mm ID, 5 μm). A Krud Katcher Ultra In-Line Filter guard column (Phenomenex, 0.5 

μm) was used with both HPLC columns. Mobile phase Awas 2 mM ammonium acetate (pH 

9) and mobile phase B was acetonitrile. Replacing acetonitrile with methanol in mobile 

phase solution has been known to contribute to poor peak shape and variable baseline [27]. 

For this purpose, we chose to use acetonitrile rather than methanol in our mobile phase. 

Optimal chromatographic separation relative to discrete non-overlapping peaks with distinct 

baseline resolution between xenoestrogen analytes of interest and interfering substances was 

achieved (Fig. 2a, b) when the following gradient was employed—0–3 min 50% B, 3– 14 

min 50% to 90% B, 14–18 min 90% B, 18–18.2 min 90% to 50% B, 18.2–20 min 50% B—

using a Finnigan Surveyor MS Pump Plus (Thermo Fisher Scientific). Flow rate was 

maintained at 250 μL/min for the duration of each 20-min analysis.

Mass spectrometry

The HPLC eluate was directed into a Thermo LTQ mass spectrometer (Thermo Fisher 

Scientific) using electrospray ionization (ESI) in negative ion mode and a linear ion trap as 

an analyzer, all under the regulation of Xcalibur 2.0.7 software. Optimized ESI source 

conditions include a sheath gas flow rate of 40 (arbitrary units), spray voltage of 5.0 kV, 

heated capillary temperature of 275 °C, capillary voltage of –25 V, and spray current of 3.0 

μA. To achieve optimal sensitivity, parameters including tube lens offset, multipole offset, 

gate and front lens voltages, and multipole RF amplitude were optimized prior to each 

analysis using a 1-μg/mL standard solution of BPA that was infused at a flow rate of 3 

μL/min together with HPLC mobile phase at a flow rate of 250 μL/min. Data were acquired 

in the selective reaction monitoring (SRM) mode with an isolation width of 2 m/z for each 

analyte. Product ions were generated by applying a collision energy of 35 for BPA, BPA 

gluc, and genistein gluc, and a collision energy of 40 for genistein. Mass spectrometric 

parameters are summarized in Table 1. High-purity nitrogen was used as the sheath gas.

Statistical analyses

Data are reported as average recovery ± relative standard deviation (RSD). Known 

concentrations of each analyte were spiked into the mobile phase and directly injected into 

the HPLC-MS/MS system multiple times. An average of 10 or 11 replicate injections of the 

standard was calculated, and the blank-subtracted quantity of each analyte measured in the 

corresponding unknown samples was then compared with the mean quantity of analyte 

detected in replicate injections of spiked standard to yield a “percent recovery.” This method 
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of using a single-point calibration was used to verify that instrumental drift was not a major 

factor since analytical runs often exceed 40 h of continuous HPLC-MS/MS analysis. 

Reported values have been blank-subtracted from raw data prior to the calculation of percent 

recovery. Three separate extractions were performed per cartridge type and elution scheme, 

and each reconstituted extract was injected into the HPLC-MS/MS three times. Data 

acquisition was performed using Xcalibur 2.0.7, and data were analyzed by Qual Browser 

2.0.7 (Thermo Fisher Scientific). Quantitation was performed with Excel 2003 based on 

manually integrated peak areas using genesis peak integration and 15-point smoothing with 

Xcalibur 2.0.7. Residual percent error was calculated using Stata 11.2 (Stata Corp., College 

Station TX, USA).

Results

Retention times, limits of detection, and calibration curves

Retention times with the Kinetex C18 column were approximately 6.7, 2.7, 3.5, and 2.7 min 

for BPA, BPA gluc, genistein, and genistein gluc, respectively. When separated with the 

Discovery C8 column, the retention times for BPA, BPA gluc, genistein, and genistein gluc 

were approximately 4.0, 1.6, 2.5, and 1.7 min, respectively (Fig. 2a, b). On-column limits of 

detection were 100, 250, 50, and 25 pg for BPA, BPA gluc, genistein, and genistein gluc, 

respectively. To quantitate the amount of each analyte, separate calibration curves were 

prepared over the ranges of 0.1 and 5 μg/mL for all four analytes. Standard solutions were 

injected into the HPLC-MS/MS system and calibration curves were obtained using 

integrated area. All analytes of interest showed good linearity between 0.1 and 5 μg/mL, 

with r2 values of 0.999, 0.999, 0.995, and 0.997 for BPA, BPA gluc, genistein, and genistein 

gluc, respectively. Residual percent error ranged from 0.08% for BPA gluc to 2.16% for 

genistein (Electronic supplementary material).

Overall recoveries

Recoveries of BPA (Fig. 3a) and genistein (Fig. 3b) varied among cartridge types as well as 

elution schemes. The overall background-subtracted recoveries ranged from 62.1% to 108% 

for BPA and 4.28% to 108% for genistein.

Bond Elut Plexa SPE cartridges

All four elution schemes resulted in adequate recoveries for both BPA and genistein. EMA 

recovered the highest amount of BPA, followed by EM, EA, and MA (98.1±1.8%, 96.4± 

18%, 93.9±11%, and 78.6±16%, respectively). Elution with EMA also yielded substantially 

more reproducible results than any other elution scheme, as expressed by RSD. The 

recoveries of genistein by the different elution solvents, in order from highest recovery to 

least were: 108±20% using EM, 108±11% using EA, 94.9±8.0% using EMA, and 92.9± 

8.2% using MA.

Oasis HLB SPE cartridges

When analyzed across the elution scheme, EMA yielded the highest recovery of BPA on 

Oasis HLB cartridges, followed by EA, EM, and MA, with recoveries of 108±16%, 

85.5±12%, 67.2±14%, and 62.1±9.9%, respectively. Genistein recoveries from SPE with 
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Oasis HLB cartridges were also highest when eluted with EMA, followed by MA, EM, and 

EA: 90.4±9.7%, 83.9±7.2%, 83.7±14%, and 4.28±21%, respectively.

UCT C18 SPE cartridges

As observed with both of the aforementioned cartridges, BPA recovery was maximized 

when eluted with EMA from UCT C18 cartridges. The average recovery was 107±10% with 

EMA, followed by 87.0±10% with EM, 77.1±11% with EA, and 70.6±12% with MA. 

Genistein recoveries from SPE with UCT C18 cartridges were 96.7±15% using MA, 

92.1±4.1% using EMA, 90.7±14% using EA, and 82.3±7.1% using EM.

Recovery of glucuronides

The analytical method presented here focuses on the optimization of the simultaneous 

measurement of BPA and genistein. Upon optimization, the method was tested for its ability 

to recover and detect the primary glucuronides of BPA and genistein, which are each more 

hydrophilic than their parent compound (Fig. 1). Despite these differences in water 

solubility, the glucuronides were successfully eluted with the optimized method using Bond 

Elut Plexa cartridges and elution with EMA, yielding background-subtracted average 

recoveries of 91.4±6.1% for BPA gluc and 103±6.1% for genistein gluc (Fig. 4), 

demonstrating that the novel method presented here is effective at recovering and detecting 

not only BPA and genistein but also their primary metabolites. The overall background-

subtracted recoveries for BPA gluc and genistein gluc ranged from 85.9% to 101% and from 

91.4% to 110%, respectively.

Comparison of Kinetex C18 and Discovery C8 HPLC columns

For both columns, discrete separation of BPA and genistein with distinct baseline resolution 

was obtained within 7 min. On both columns, BPA gluc was the first analyte to elute, 

followed by genistein gluc, genistein, and finally BPA. On average, all four analytes eluted 

within a range of 4 min on the Kinetex C18 column and within 2.5 min on the Discovery C8 

column (Fig. 2). Reproducibility of replicate injections performed with the Discovery C8 

column was far superior to that of the Kinetex C18 column (RSDs 3.6 and 13 for six 

replicate BPA injections on Discovery C8 and Kinetex C18, respectively). The Kinetex C18 

column is stable over a pH range of 1.5–10, while the Discovery C8 column is stable 

between pH 2 and 7.5. With the solvent gradient used in this method, the measured pH 

ranged from 5 to 7, which fell within the stability range for both columns used.

Discussion

Elution with EMA resulted in the highest recovery of BPA for all three cartridge types (Fig. 

3a). SPE with Bond Elut Plexa cartridges yielded the highest recovery of BPA for all elution 

schemes, except for elution with EMA (98.1±1.8%) which was not appreciably less than that 

observed with either Oasis HLB (108±16%) or UCT C18 (107±10%). Additionally, the 

variability of BPA recovery among SPE replicates eluted from Bond Elut Plexa cartridges 

with EMA is substantially less than that observed with Oasis HLB or UCT C18 cartridges 

(RSDs 1.8, 16, and 10, respectively). Collectively, these data indicate that elution with EMA 

from Bond Elut Plexa cartridges provides optimal recovery of BPA.
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Elution of genistein via SPE with Bond Elut Plexa cartridges yielded highest genistein 

recovery for all four elution schemes compared with the other cartridges tested. The 

exception was MA, where the average recovery of genistein from Bond Elut Plexa was very 

near the recoveries from both other cartridge types (Fig. 3b). While EMA did not yield the 

overall highest recovery of genistein from Bond Elut Plexa cartridges, its recovery was not 

substantially less than those observed with the other elution schemes. While some mean 

recoveries exceed 100%, none fall outside the acceptable range for measurement error. 

When extracted with Bond Elut Plexa cartridges, elution with EMA resulted in markedly 

less variability among replicate samples as compared with the other elution schemes. 

Reproducibility is an important factor when determining ideal extraction conditions. When 

considering reproducibility in conjunction with the recovery efficiency for both BPA and 

genistein, it is clear that optimal simultaneous recoveries for BPA and genistein are achieved 

by SPE performed on the Bond Elut Plexa cartridge, with sequential additions of 3 mL ethyl 

acetate, 2.5 mL methanol, and 2.5 mL acetonitrile. This optimized method also 

demonstrated superb recovery, efficiency, and reproducibility when used to extract the 

primary metabolites of BPA and genistein from rat plasma, achieving average recoveries of 

91.4±6.1% and 103±6.1% for BPA gluc and genistein gluc, respectively (Fig. 4).

The on-column detection limits reported here are not as low as those achieved using a triple 

quadrupole mass spectrometer as an analyzer [24]. Additionally, analytical methodologies 

aimed to measure individual analytes are often capable of achieving lower limits of 

detection than those presented here; however, in the present method, it was acceptable to 

compromise higher detection limits for a comprehensive method allowing for the 

simultaneous measurement of BPA, BPA gluc, genistein, and genistein gluc.

The Kinetex C18 column utilizes a fused-core silica particle technology that is credited with 

increasing resolution, throughput, and sensitivity for ultra-high-performance liquid 

chromatography analyses; unfortunately, it was proven disadvantageous in the analytical 

method presented here. When compared with the Discovery C8 column for use in the 

present method, it became apparent that the Kinetex C18 column is inferior. The Discovery 

C8 HPLC column displayed dramatically increased reproducibility among replicate 

injections compared with the Kinetex C18 HPLC column. Additionally, variability of results 

when using the Kinetex C18 column increased substantially after only 200 total injections, 

whereas variability remained minimal after over more than 1,000 injections on the 

Discovery C8 column, making the longevity of Discovery C8 dramatically better than 

Kinetex C18. Due to superior column lifetime and reproducibility, Discovery C8 was the 

HPLC column of choice for the detection of BPA, genistein, BPA gluc, and genistein gluc.

Conclusion

In this paper, a highly sensitive SPE isolation method was coupled with LC-ESI-MS/MS 

quantitation for the simultaneous measurement of endocrine-disrupting compounds BPA, 

genistein, BPA gluc, and genistein gluc. Bond Elut Plexa SPE cartridges with ethyl acetate, 

methanol, and acetonitrile elution produced optimal recoveries of 98.1± 1.8% for BPA, 

91.4±6.1% for BPA gluc, 94.9±8.0% for genistein, and 103±6.1% for genistein gluc and 

were more reproducible than either the Oasis or UCT SPE cartridges tested. The 
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development of this analytical method is beneficial because it allows for BPA, BPA gluc, 

genistein, and genistein gluc to all be efficiently recovered from plasma in a single 

comprehensive method, allowing for the analysis of in vitro and in vivo toxicology exposure 

studies where BPA, genistein, and their primary metabolites are present. This novel 

analytical method may be adapted for the measurement of BPA, genistein, and their 

glucuronides from other biological matrices including urine, cultures, and possibly tissue, 

following exposures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Chemical structures of BPA, BPA gluc, genistein, and genistein gluc
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Fig. 2. 
Chromatograms of BPA and BPA gluc (A) and genistein and genistein gluc (B) from 

Discovery C8. Elution times of BPA, BPA gluc, genistein, and genistein gluc are 4.0, 1.6, 

2.5, and 1.7 min, respectively. Mass spectra of BPA (C) and genistein (D) acquired in SRM 

mode with isolation width of 2 m/z
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Fig. 3. 
Average recovery of BPA (A) and genistein (B) via SPE performed with different elution 

paradigms (EM ethyl acetate, methanol; EA ethyl acetate, acetonitrile; MA methanol, 

acetonitrile; EMA ethyl acetate, methanol, acetonitrile) on three different cartridge types 

(Bond Elut Plexa, Oasis HLB, and UCT C18). The optimal recovery of BPA and genistein is 

achieved with Bond Elut Plexa cartridges and EMA (98.1±1.8% and 94.9±8.0%, 

respectively)
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Fig. 4. 
Optimized SPE conditions (Bond Elut Plexa cartridge and EMA) yield average recoveries 

for BPA, BPA gluc, genistein, and genistein gluc of 98.1±1.8%, 91.4±6.1%, 94.9±8.0%, and 

103± 6.1%, respectively
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Table 1
Summary of mass spectrometric parameters

Analyte Precursor ion (m/z) Product ion (m/z) Collision energy

BPA 227 212 35

BPA gluc 403 227 35

Genistein 269 181 40

Genistein gluc 445 269 35

Data were acquired in SRM mode with an isolation width of 2 m/z for each analyte
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